Abstract: This paper explores the conditions for the electrodeposition of Mo ad (molybdenum adlayer) on Ag(111) from alkaline aqueous solution. Moreover, the first stages of the growth of MoSe 2 are also presented, performing the deposition of Se ad on the deposited Mo ad . The deposition of Mo ad on Se ad /Ag(111) was also explored. MoSe 2 is of interest due to its peculiar optoelectronic properties, making it suitable for solar energy conversion and nanoelectronics. In this study, electrodeposition techniques were exploited for the synthesis process as more sustainable alternatives to vacuum based techniques. The electrochemical atomic layer deposition (E-ALD) method emerges as a suitable technique to grow inorganic semiconductor thin films thanks to its fulfillment of the green energy predicament and a strict structural and morphological control, and this approach has gathered the attention of the scientific community. Indeed, E-ALD exploits surface limited reactions (SLRs) to alternate the deposition of chemically different atomic layers constituting a compound semiconductor. Thus, E-ALD is one of the most promising electrodeposition techniques for the growth of thin-film of compound semiconductors under a strict structural and morphological control. On this ground, E-ALD can be considered an ideal technique for the growth of 2D materials.
Introduction
One of the main topics in photovoltaic research concerns the study and development of low cost and energy inexpensive processes for the manufacturing of nano and microelectronic devices [1, 2] . This subject covers the production of semiconducting material and devices by processes involving the use of reduced amounts of rare elements, consuming less energy and producing less waste. Such technology aims to enable the production of thin films with optimal characteristics for their use in solar cells, limiting the environmental impact. The electrochemical atomic layer deposition (E-ALD) method [3] is one of these techniques, allowing the growth of semiconductor thin films exploiting surface limited reactions (SLRs) [4] [5] [6] [7] . One of the most common SLR in electrochemistry is the under potential deposition (UPD) [7, 8] . When the E-ALD outcome is a strictly epitaxial film, the technique is named electrochemical atomic layer epitaxy (ECALE) [9, 10] . Indeed, the E-ALD method enables the growth of monolayers of different elements, one above the other through, the alternate deposition of an atomic layer under the surface limited constraints ensured by the exploitation of the SLRs. When the two elements are a chalcogenide and a metal, the process leads to the growth of a binary compound semiconductor. Several successful studies have been reported in this field . Most of these papers reported that thin films obtained in this manner could be extremely flat from a morphological standpoint and the crystalline structures are often highly ordered (single crystal and epitaxial deposits). One of the requirements for the occurrence of the whole process is the fast exchange of solution inside the electrochemical cell. To this aim, an apparatus was developed, consisting in an electrochemical cell in which the precursor solutions of the different layers were injected alternatively to obtain the deposition of the various layers under the remote control of an automated system [32, 33] . Such a device enabled the growth of an increasingly thicker film. Another requirement for a successful E-ALD study is the correct preparation of a clean electrodic surface. Although not necessary, the use of single crystal electrodes allows a more reliable electrochemical characterization. In this paper, we applied such a method to the growth of MoSe 2 thin films, studying the electrochemical conditions for alternating SLRs in a E-ALD on an Ag(111) electrodic surface. MoS 2 and MoSe 2 are important IV-VI compound semiconductors [34, 35] , diamagnetic and indirect bandgap semiconductors. Their potential use spans from catalysis to microelectronics, to photonics. Indeed, these compounds fit perfectly with the solar emission, in virtue of their bandgap, which is close to the silicon one and could possibly allow their use as semiconductors in solar cells. Moreover, the bandgap of a few layers of MoSe 2 and MoS 2 can be tuned with the film thickness [36] . They have also peculiar optoelectronic properties, with very deep minima in the band structure, enabling their exploitation for the arising field of valleytronics [37] [38] [39] [40] [41] . Nowadays, thin films of MoS 2 and MoSe 2 have been already synthesized with vacuum based techniques [42] [43] [44] . The E-ALD process for the growth of MoSe 2 has been already demonstrated on Au(111) by Tsang et al. [45] , but not yet on silver; due to the attractive characteristic of the E-ALD, this growth process could revolutionize the production of such interesting material.
Materials and Methods
Sigma Aldrich ammonium heptamolybdate tetrahydrate 99% (NH 4 ) 6 Mo 7 O 24 ·4H 2 O, Merck analytical grade sodium selenite NaSeO 3 and Merck Suprapur ® (Darmstadt, Germany) NaOH were used without further purification. 12 mL of Merck analytical reagent grade perchloric acid HClO 4 65% and 10 mL of ammonium hydroxide solution NH 4 OH 28% were used to prepare 2 L of the ammonia buffer (pH 9.2). The water was demineralized and then distilled twice; the second distillation was performed on permanganate while constantly discarding the heads to purify from the volatile organic compounds. The solutions were freshly prepared just before each series of measurements. The electrochemical cell was a cylinder (made of Kelef, height 40 mm, internal diameter 10 mm, and external diameter 50 mm). The working electrode was placed at the bottom of the cylinder and the counter electrode on top, the cell volume was 3.1 mL. The solution inlet and outlet were placed on the sidewalls of the cylinder. The counter electrode (a gold disc) facing the working electrode ensured a high homogeneity of the deposits and better electrochemical performances (low ohmic drop). The reference electrode was an Ag/AgCl (saturated KCl) placed in the outlet tubing. To avoid leakage, both the working and the counter electrode were pressed against Viton ® O-ring with suitable diameters. The working electrode was a Ag(111) single crystal grown in a graphite crucible and cut according to the Bridgman technique [46, 47] . As a first step of the surface conditioning, the electrode was chemically polished with CrO 3 (Hamelin et al. [48] ). Then, the electrode surface was cleaned in concentrated sulfuric acid for about 20 min and then rinsed thoroughly with bi-distilled water. As a final step for the treatment, cathodic and anodic conditionings of the surface were performed in the pH 9.2 ammonia buffer. To this aim, a potential of −1.6 V was applied to the working electrode for 1 minute, then, after the injection of a fresh buffer solution in the cell, a potential of −0.1 V was applied for 1 minute. Both the distribution valve and the cell were designed and realized in the workshop of the Applied Electrochemistry Lab of the University of Florence [10] . The potentials reported in this paper are referred to the Ag/AgCl (saturated KCl) reference electrode.
Results

Deposition of Mo Atomic Layers on Ag(111)
The deposition of Mo from (NH 4 [3] [4] [5] . [49] . Figure 1 shows the voltammograms of the solution 7 mM MoO 4 2− in a pH 9.2 ammonia buffer solution on Ag(111). The increase in the cathodic current
is not yet completely clear and has the shape of a very wide peak. Setting the potential end of the cyclic voltammogram to a more negative value, first a reduction peak appears at −0.8 V, and at −0.9 V, a second reduction process occurs. The peak at −0.8 V (C2) is very close to the bulk reduction potential, which overlaps partially. According to the literature [45] , these peaks correspond to MoO 4 2− reduction to Mo(0), however, we cannot exclude that during the deposition there was no formation of a MoO x species.
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Results
Deposition of Mo Atomic Layers on Ag(111)
The deposition of Mo from (NH4)6Mo7O24·4H2O 1 mM was performed in a pH 9.2 ammonia buffer. The predominant species in the working solution (pH 9.2 and a concentration of molybdenum of 7 mM) is the monomeric ion MoO4 2− . The MoO4 2− in aqueous solutions reaches the equilibrium quickly with the polymeric molybdate species [Mo7O24] 6− . At pH below 6, polymerisation of MoO4 2− occurs through linking of MoO6 octahedra, yielding the heptamolybdate ion [Mo7O24] 6− (pH 5-6) and the octamolybdate ion [Mo8O26] 4− (pH 3-5). [49] . Figure 1 shows the voltammograms of the solution 7 mM MoO4 2− in a pH 9.2 ammonia buffer solution on Ag(111). The increase in the cathodic current at −0.26 V (C1) is not yet completely clear and has the shape of a very wide peak. Setting the potential end of the cyclic voltammogram to a more negative value, first a reduction peak appears at −0.8 V, and at −0.9V, a second reduction process occurs. The peak at −0.8 V (C2) is very close to the bulk reduction potential, which overlaps partially. According to the literature [45] , these peaks correspond to MoO4 2− reduction to Mo(0), however, we cannot exclude that during the deposition there was no formation of a MoOx species. The anodic scan shows two peaks at −0.56 V (A1) and −0.19 V (A2), which are probably related to the oxidation of Mo to MoO2, and in a conversion of the insoluble MoO2 to soluble MoO4 2 , respectively.
Further analysis was performed to understand the reduction processes better. Figure 2 shows the anodic stripping curves of Mo at different deposition potentials from −0.60 to −0.85 V, at a constant accumulation time of 15 min. The anodic scan shows two peaks at −0.56 V (A1) and −0.19 V (A2), which are probably related to the oxidation of Mo to MoO 2 , and in a conversion of the insoluble MoO 2 to soluble MoO 4 2 , respectively.
Further analysis was performed to understand the reduction processes better. As elsewhere discussed [7, 17, 33, 50] , a way to reveal the surface limited character of an electrodeposition process is to study the charges measured in the previous anodic stripping as a function of the deposition potential and deposition time as shown in Figures 2b and 3b . Figure 2b shows the stripping charges of the deposit obtained at different potential values, while the concentration and deposition time were kept constant. The charge (Q) versus potential curve exhibits a plateau from −0.74 and −0.76 V (Figure 2b ). This range corresponds to the optimum potentials for the SLR. In Figure 3 , the charges measured in the previous anodic stripping of the deposited Mo are reported as a function of the accumulation time, at constant concentration and deposition potential (−0.75 V). The asymptotic trend was expected as we have a process limited by the surface. Then, the Mo can be underpotentially deposited on Ag(111), applying a potential at −0.75 V for 15 min. This procedure is very critical because at potentials more negative than −0.76 V, the Mo bulk deposition started. As elsewhere discussed [7, 17, 33, 50] , a way to reveal the surface limited character of an electrodeposition process is to study the charges measured in the previous anodic stripping as a function of the deposition potential and deposition time as shown in Figures 2b and 3b . Figure 2b shows the stripping charges of the deposit obtained at different potential values, while the concentration and deposition time were kept constant. The charge (Q) versus potential curve exhibits a plateau from −0.74 and −0.76 V (Figure 2b ). This range corresponds to the optimum potentials for the SLR. As elsewhere discussed [7, 17, 33, 50] , a way to reveal the surface limited character of an electrodeposition process is to study the charges measured in the previous anodic stripping as a function of the deposition potential and deposition time as shown in Figures 2b and 3b . Figure 2b shows the stripping charges of the deposit obtained at different potential values, while the concentration and deposition time were kept constant. The charge (Q) versus potential curve exhibits a plateau from −0.74 and −0.76 V (Figure 2b ). This range corresponds to the optimum potentials for the SLR. In Figure 3 , the charges measured in the previous anodic stripping of the deposited Mo are reported as a function of the accumulation time, at constant concentration and deposition potential (−0.75 V). The asymptotic trend was expected as we have a process limited by the surface. Then, the Mo can be underpotentially deposited on Ag(111), applying a potential at −0.75 V for 15 min. This procedure is very critical because at potentials more negative than −0.76 V, the Mo bulk deposition started. In Figure 3 , the charges measured in the previous anodic stripping of the deposited Mo are reported as a function of the accumulation time, at constant concentration and deposition potential (−0.75 V). The asymptotic trend was expected as we have a process limited by the surface. Then, the Mo can be underpotentially deposited on Ag(111), applying a potential at −0.75 V for 15 min. This procedure is very critical because at potentials more negative than −0.76 V, the Mo bulk deposition started.
Deposition of Se on Atomic Layer of Mo on Ag(111)
The electrochemical characterization presented in the previous paragraph allowed the defining of a suitable set of parameters for the surface limited electrodeposition of an atomic monolayer of Mo on the Ag(111). The Mo ad-layer on Ag(111) (Mo ad /Ag(111)) can be deposited by applying a potential of −0.75 V for 15 minutes to the solution of 7 mM MoO 4 2− in ammonia buffer pH 9.2. In the following, the deposition of Se on Mo ad /Ag(111) will be explained. Figure 4 reports the voltammograms of 1 mM SeO 3 2− in a pH 9.2 ammonia buffer solution on Mo ad /Ag(111).
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The electrochemical characterization presented in the previous paragraph allowed the defining of a suitable set of parameters for the surface limited electrodeposition of an atomic monolayer of Mo on the Ag(111). The Mo ad-layer on Ag(111) (Moad/Ag(111)) can be deposited by applying a potential of −0.75 V for 15 minutes to the solution of 7 mM MoO4 2− in ammonia buffer pH 9.2. In the following, the deposition of Se on Moad/Ag(111) will be explained. Figure 4 reports the voltammograms of 1 mM SeO3 2− in a pH 9.2 ammonia buffer solution on Moad/Ag(111). The voltammograms were registered at a more negative potential than the dissolution of Mo. The charge involved in the cathodic peak at −0.97 V reached a limiting value after five scans. In analogy, with what happens on Ag, this peak can be attributed to the bulk reduction of Se(0) to Se(-II) [51] ; in our case, in the presence of Mo, this reaction was anticipated at about 30 mV. The positive current at −0.75 V indicates the reoxidation of Se(-II) to Se(0). Then, the procedure to obtain a layer of selenium consists in producing Se(-II) at −1.10 V, keeping constant the potential at −0.85 V for 5 min (to avoid reoxidation of Se(-II), to form Se(0) by comproportionation, and finally a washing step with the solution of the supporting electrolyte at −0.85 V for 1 min to reduce bulk selenium. Figure 5 shows cathodic stripping curves of the deposited Se as a function of the accumulation time, at a constant concentration and deposition potential. The voltammograms were registered at a more negative potential than the dissolution of Mo. The charge involved in the cathodic peak at −0.97 V reached a limiting value after five scans. In analogy, with what happens on Ag, this peak can be attributed to the bulk reduction of Se(0) to Se(-II) [51] ; in our case, in the presence of Mo, this reaction was anticipated at about 30 mV. The positive current at −0.75 V indicates the reoxidation of Se(-II) to Se(0). Then, the procedure to obtain a layer of selenium consists in producing Se(-II) at −1.10 V, keeping constant the potential at −0.85 V for 5 min (to avoid reoxidation of Se(-II), to form Se(0) by comproportionation, and finally a washing step with the solution of the supporting electrolyte at −0.85 V for 1 min to reduce bulk selenium. Figure 5 shows cathodic stripping curves of the deposited Se as a function of the accumulation time, at a constant concentration and deposition potential. 
The electrochemical characterization presented in the previous paragraph allowed the defining of a suitable set of parameters for the surface limited electrodeposition of an atomic monolayer of Mo on the Ag(111). The Mo ad-layer on Ag(111) (Moad/Ag(111)) can be deposited by applying a potential of −0.75 V for 15 minutes to the solution of 7 mM MoO4 2− in ammonia buffer pH 9.2. In the following, the deposition of Se on Moad/Ag(111) will be explained. Figure 4 reports the voltammograms of 1 mM SeO3 2− in a pH 9.2 ammonia buffer solution on Moad/Ag(111). The voltammograms were registered at a more negative potential than the dissolution of Mo. The charge involved in the cathodic peak at −0.97 V reached a limiting value after five scans. In analogy, with what happens on Ag, this peak can be attributed to the bulk reduction of Se(0) to Se(-II) [51] ; in our case, in the presence of Mo, this reaction was anticipated at about 30 mV. The positive current at −0.75 V indicates the reoxidation of Se(-II) to Se(0). Then, the procedure to obtain a layer of selenium consists in producing Se(-II) at −1.10 V, keeping constant the potential at −0.85 V for 5 min (to avoid reoxidation of Se(-II), to form Se(0) by comproportionation, and finally a washing step with the solution of the supporting electrolyte at −0.85 V for 1 min to reduce bulk selenium. Figure 5 shows cathodic stripping curves of the deposited Se as a function of the accumulation time, at a constant concentration and deposition potential. The area of the peak at −1.14 V reached a constant value when performed after 5 min of accumulation time (−0.85 V for 5 min), with the area under the curve being 37.6 µC·cm −2 .
Deposition of Mo on Atomic Layer of Se on Ag(111)
To produce a 2D film of MoSe 2 on Ag(111), we started the deposition with a Se ad-layer. The formation of the Se atomic layer on Ag(111) was described by Pezzatini et al. [22] . The Se ad-layer was deposited through a two-step procedure, from 1 mM SeO 3 2− in a pH 9.2 ammonia buffer solution on Ag(111), by applying a potential of −0.90 V for 1 min, then 1 min at the same potential with the solution of the supporting electrolyte (washing step). Figure 6 shows the voltammograms of the ammonia buffer pH 9.2 (black) and 7 mM MoO 4 2− in ammonia buffer a pH 9.2 solution on Se ad /Ag(111) (red and blue).
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The area of the peak at −1.14 V reached a constant value when performed after 5 min of accumulation time (−0.85 V for 5 min), with the area under the curve being 37.6 µC·cm −2 .
To produce a 2D film of MoSe2 on Ag(111), we started the deposition with a Se ad-layer. The formation of the Se atomic layer on Ag(111) was described by Pezzatini et al. [22] . The Se ad-layer was deposited through a two-step procedure, from 1 mM SeO3 2− in a pH 9.2 ammonia buffer solution on Ag(111), by applying a potential of −0.90 V for 1 min, then 1 min at the same potential with the solution of the supporting electrolyte (washing step). Figure 6 shows the voltammograms of the ammonia buffer pH 9.2 (black) and 7 mM MoO4 2− in ammonia buffer a pH 9.2 solution on Sead/Ag(111) (red and blue) Figure 6 . Consecutive cyclic voltammograms of pH 9.2 ammonia buffer solution (black curves) and 7 mM MoO4 2− in a pH 9.2 ammonia buffer solution (red and blue curves, respectively) on Sead/Ag(111). The scan rate is 50 mV·s −1 .
In the voltammograms of MoO4 2− , in the cathodic scanning, only the beginning of a reduction process is present, and compared to the CV on Ag(111), the peak at −0.8 V is absent. The absence of the peaks before the reduction process at −0.85 V proves that there are no surface limited electrochemical reactions. On this basis, we tried to deposit Mo at the beginning of the reduction process, e.g., at −0.85 V for 1 and 2 min, to verify if this is a bulk deposition (Figure 7 ). The scan rate is 50 mV·s −1 .
In the voltammograms of MoO 4 2− , in the cathodic scanning, only the beginning of a reduction process is present, and compared to the CV on Ag(111), the peak at −0.8 V is absent. The absence of the peaks before the reduction process at −0.85 V proves that there are no surface limited electrochemical reactions. On this basis, we tried to deposit Mo at the beginning of the reduction process, e.g., at −0.85 V for 1 and 2 min, to verify if this is a bulk deposition ( Figure 7 ).
In the voltammograms of MoO4 2− , in the cathodic scanning, only the beginning of a reduction process is present, and compared to the CV on Ag(111), the peak at −0.8 V is absent. The absence of the peaks before the reduction process at −0.85 V proves that there are no surface limited electrochemical reactions. On this basis, we tried to deposit Mo at the beginning of the reduction process, e.g., at −0.85 V for 1 and 2 min, to verify if this is a bulk deposition (Figure 7 ). The charges measured in the previous anodic stripping of the deposited Mo increased with the deposition time. Furthermore, the charge related to a 2 min-deposition was larger than that of Mo ad /Ag(111). Hence, the MoO 4 2− reduction was hypothesized to be a bulk deposition, under the tested conditions.
Conclusions
The electrochemical behaviour of MoO 4 2− on silver was investigated by cyclic voltammetry and anodic stripping voltammetry, finding results consistent with the study reported by Tsang et al. on Au(111) [45] . From the analysis of the deposited charges as a function of the accumulation potential and time, we found that Mo ad on Ag(111) can be deposited by applying a potential of −0. In conclusion, the E-ALD method was used to produce a 2D thin film of Se ad /Mo ad /Ag(111), which can potentially be applied in various technological applications, especially in the optoelectronic field [39] . Further investigations are needed to develop the conditions for extending the E-ALD method to the growth of thin MoSe 2 films. 
